The interplay between genetic and environmental factors is likely involved in the pathogenesis of systemic sclerosis (SSc). Interstitial lung disease associated in the context of SSc (SSc-ILD) is associated with significant morbidity, and is the leading cause of death in SSc. The spectrum of SSc-ILD severity is wide, ranging from patients with only limited and inherently stable pulmonary involvement, to those with extensive and progressive pulmonary fibrosis. In order to provide accurate prognostic information for patients, and to initiate appropriate monitoring and treatment regimens, the ability to identify patients at risk of developing severe ILD early in the disease course is crucial. Identification of genetic variants involved in disease pathogenesis can not only potentially provide diagnostic/prognostic markers, but can also highlight dysregulated molecular pathways for therapeutic targeting. A number of genetic associations have been established for susceptibility to SSc, but far fewer studies have investigated genetic susceptibility to SSc-ILD specifically. In this review we present a summary of the studies assessing genetic associations with SSc-ILD.
Introduction
Systemic sclerosis (SSc) is a connective tissue disease characterised by immune activation, fibrosis of the skin and internal organs, and widespread vasculopathy. The pattern of internal organ involvement and the natural history of the disease are highly variable. The reported frequency of interstitial lung disease in SSc (SSc-ILD) varies from 25% to 90%, depending on the detection method and disease definition [1, 2] . SSc-ILD is more common in patients with the diffuse form of skin involvement, and with anti topoisomerase autoantibodies (ATA) [3] , although at least half of patients with SSc-ILD do not have ATA antibodies [4] . The prominent pathological ILD pattern is non-specific interstitial pneumonia (NSIP) [5] . The progression of SSc-ILD is highly variable, with stable and limited disease observed in the majority of patients, and severe progressive disease in a substantial minority [6] .
Evidence for a genetic predisposition to SSc includes the observation that disease prevalence in relatives of patients with SSc is significantly higher than in the general population, with a reported relative risk of disease of 13 in first degree relatives, and of 15 in siblings [7] . Prevalence also varies according to ethnicity. In a large US population study, the prevalence of SSc was higher in individuals of African descent compared to European descent, with an adjusted prevalence ratio of 1.15 [8] . Choctaw native Americans have the highest reported prevalence in any population (66/100,000) [9] . Compared to patients of African, Japanese, and Choctaw descent, the frequency of ILD is lower in SSc patients of European descent, who also seem to have slower decline in lung function and better survival rates [10] .
Specific non-overlapping antinuclear antibodies (ANAs), including anti-centromere antibodies (ACA) and ATA, also known as Scl-70, are associated with different subsets of SSc. ATA autoantibodies are strongly associated with the development of SSc-ILD, while ACA are protective for ILD [11] . Twin studies have shown a high concordance for ANA specificity, with 90% concordance in monozygotic twins compared to 40% concordance in dizygotic twins, demonstrating a strong genetic influence on ANA status [12] .
Genetic associations with SSc as a whole have been recently extensively reviewed elsewhere [13, 14] .
Similarly to autoimmune diseases, a predominant genetic effect is observed within the human leukocyte antigen (HLA) region. However, HLA region associations are mainly confined to subgroups of patients possessing specific autoantibodies. Non-HLA genes consistently associated with SSc comprise genes involved in innate immunity as well as B-cell and T-cell activation, including the highly repeatable associations with interferon regulatory factor 5 (IRF5), signal transducer and activator of transcription 4 (STAT4), and cell receptor CD3ζ (CD247) [13] [14] [15] .
Genetic association studies with SSc-ILD
Since the discovery in the 80s that ATA autoantibodies are strongly associated with SSc-ILD, there has been limited progress in enabling prediction of which SSc patients will 
(Female only)
Genetic predictors of systemic sclerosis-associated intersti… 
Major histocompatibility complex
A number of HLA alleles have been associated with SSc-ILD, summarised in Table 1 . However, many of these studies include only small numbers of patients with SSc-ILD. Selected studies, including some of the larger ones, are discussed below. Fanning et al. reported that the strongest risk factor for SSc-ILD in a UK population (47 SSc-ILD/83 non-ILD) was a combination of ATA positivity, dcSSc, and HLA-DRB1*11 (RR = 21.9, p = 0.0002). In the absence of these three risk factors, DRB1*301 was a risk marker for SSc-ILD, with the highest relative risk seen in ATA negative patients (RR = 7.5, p = 0.0001) [16] . The HLA-DRB1*11 association with SSc-ILD has also been demonstrated in a number of different populations including Spanish [17] , and Black South African [18] . In both an initial and a separate Japanese replication cohort (1st cohort-41 SSc-ILD/147 controls, 2nd cohort-40 SSc-ILD/83 controls), the DRB5*0105 allele was significantly more common in SSc-ILD patients compared to healthy controls (OR = 8.07, p < 0.001 and OR = 17.39, p = 0.009, respectively) [19] . A number of studies of HLA alleles in Han Chinese patients have recently been published. The DQB1*0501 allele was significantly more frequent in SSc-ILD (OR = 5.03, p = 6 × 10
) compared to healthy controls in the study by Zhou et al. (134 SSc-ILD/239 controls). However, DQB1*0501 was also found to be associated with SSc as a whole, and there was no frequency difference between the patients with and without ILD (p = 0.9), indicating that this association may not be subtype specific. In a study of the DPB1 locus by Wang et al., (199 SSc-ILD/78 SSc no-ILD/480 controls), DPB1*0301 was associated specifically with SSc-ILD (OR = 3.86, p < 10 −7 ), with no difference in allele frequency between patients without ILD and healthy controls (p = 0.79), and a significant difference when the two patient groups were directly compared (OR = 3.56, p = 0.0069). DPB1*1301 was also more common in the patient group with ILD than the controls (OR = 2.25, p < 3.3 × 10
), but not in patients without ILD (p = 0.17) [20] . In a study of the DRB1 locus (295 SSc-ILD/ 138 SSc no-ILD/458 controls), three alleles were all significantly more common in SSc-ILD compared to controls, but only DRB1*0301 was not also significantly more common in the patients without lung involvement compared to controls (OR = 2.47, p = 0.0026) [21] .
Genome-wide association studies
Although a number of genome-wide association studies (GWAS) [22] [23] [24] [25] and Immunochip studies [26, 27] have targeted SSc as a whole, to date none have been specifically designed to assess genetic determinants of SSc-ILD, possibly due to the limitations on achievable cohort sizes. However, post-hoc analyses of data from one of the GWAS studies was performed to investigate the impact of SScassociated single-nucleotide polymorphisms (SNPs) on survival and severity of ILD [23, 28] , discussed below in the section on IRF5.
Candidate gene studies
The details of the candidate gene studies discussed in this review are summarised in Table 2 . All the polymorphisms discussed are deposited in public genome variant databases, e.g. dbSNP (www.ncbi.nlm.nih.gov/projects/SNP).
IRF5
The transcription factor interferon regulatory factor 5 (IRF5) induces expression of interferon A and B genes and pro-inflammatory cytokines, and is critical for antiviral immunity [29] . In a French population (280 SSc-ILD/760 controls), IRF5 rs2004640:G>T (NC_000007.13: g.128578301G>T) was significantly associated with SSc-ILD, even after adjusting for disease duration, cutaneous involvement, and ANA on multivariate analysis (OR = 1.38, p = 0.016) [30] . A similar association was observed in a Han Chinese population (227 SSc-ILD/502 controls, OR = 1.38, p = 0.028) [31] . A three SNP haplotype containing rs2004640:G>T, as well as rs3757385:G>T (NC_000007.13:g.128577304T>G) and rs10954213:G>A (NC_000007.13:g.128589427G>A), is a marker for a five base-pair insertion/deletion polymorphism in intron 1 of IRF5. Analysis of the individual SNPs of this haplotype showed that rs3757385:G>T (OR = 1.42, p = 5.5 × 10 −3 ) and rs2004640:G>T (OR = 1.54, p = 9.2 × 10 −5 ) were significantly associated with SSc-ILD (292 SSc-ILD/989 controls), although only rs2004640:G>T remained significant following conditional regression analysis. Haplotype analysis of the three SNPs showed the haplotype comprising the protective allele of each SNP was significantly less common in SSc-ILD compared to controls (OR = 0.64, p = 3.7 × 10 −4 ), and compared to non-ILD SSc patients (n = 397, p = 0.018) [32] . However, analysis of data from the 2010 GWAS study [23] to investigate the impact of SSc-associated SNPs on survival and severity of ILD, using % predicted FVC as a surrogate marker of ILD severity (1443 SSc in survival analysis, 914 SSc in FVC% linear regression analysis), did not find rs2004640:G > T, or the three SNP haplotype, to be associated with survival or ILD severity. However, the minor allele of IRF5 rs4728142: G>A (NC_000007.13:g.128573967G>A) was associated with improved survival (HR = 0.75, p = 0.002), independent of age of onset, gender, cutaneous involvement, and ANA [33] . The minor allele was also associated with less severe ILD after taking disease duration into account (mean difference = 2.64, p = 0.019). In addition, the number of rs4728142:G>A minor alleles was associated with lower expression of IRF5 in monocytes from both patients and controls [33] . Meta-analysis of data from five European populations (total of 883 SSc-ILD/4 012 controls), tested the above mentioned IRF5 SNPs rs2004640:G>T and rs4728142:G>A, plus an additional SNP, rs10488631:T>C (NC_000007.13:g.128594183T>C), and found all three to be significantly associated with SSc-ILD compared to controls. However, all three SNPs were also significantly associated with each of the other subtypes tested (lcSSc, dcSSc, ATA, ACA, no ILD), and there was no difference in allele frequencies when the patients with and without each phenotype, including with and without ILD (883 SSc-ILD/1 797 SSc no-ILD), were compared directly, suggesting that these IRF5 polymorphisms may be associated with SSc as a whole rather than with any specific subtype [34] .
STAT4
Signal transducer and activator of transcription 4 (STAT4) is a transcription factor associated with expression of type 1 interferons, IL-12, and IL-23. STAT4 rs7574865:T>G (NC_000002.12:g.191099907T>G) is associated with systemic lupus erythematosus (SLE) and rheumatoid arthritis (RA) [35] . This polymorphism has also been associated with SSc-ILD (316 SSc-ILD/964 controls, OR = 1.42, p = 0.006), with an additive effect of the IRF5 SNP rs2004640: G>T, where carriage of at least three risk alleles of these two SNPs is strongly associated with SSc-ILD (OR = 1.79, p = 0.002), with dcSSc and ATA autoantibody being independent risk factors [36] . In a study of three STAT4 SNPs in a Han Chinese population (237 SSc-ILD/534 controls), rs7574865:T>G and rs10168266:C>T (NC_000002.12:g.191071078C>T) were both significantly associated with SSc-ILD compared to controls (OR = 1.86, p = 1.2 × 10 −4 and OR = 1.73, p = 7.7 × 10 −4 , respectively). The third SNP tested, rs3821236:G>A (NC_000002.12:g.191038032G>A), was also associated with SSc-ILD, but significance was lost following
Bonferroni correction (p = 0.015, OR = 1.54) [37] . However, in a study of six populations of European ancestry (total of 450 SSc-ILD/3 113 controls), rs7574865:T>G was not associated with SSc-ILD in any of the populations individually or in a meta-analysis [38] .
CD226
CD226 encodes DNAX accessory molecule 1, involved in cell-mediated cytotoxicity of T and NK cells. The nonsynonymous CD226 SNP, rs763361:T>A (NC_000018.10: g.69864406T>A), has been associated with a number of autoimmune diseases including type 1 diabetes mellitus, multiple sclerosis, and RA [39] . A meta-analysis of three European populations (total of 662 SSc-ILD/1 642 controls) found this SNP to be associated with SSc-ILD (OR = 1.27, p = 2.98 × 10 −4 ). A trend towards a significant association with SSc-ILD was also seen when the populations were analysed separately [40] . A haplotype of three SNPs in CD226, rs763361:T>A, rs34794968:C>A (NC_000018.10: g.69863790C>A), and rs727088:G>A (NC_000018.10: g.69863203G>A), has been significantly associated with SLE and correlated with expression levels in T cells [41] . Meta-analysis testing of this haplotype in seven European populations (729 SSc-ILD/3 966 controls) found none of the individual SNPs to be associated with SSc-ILD, but did find that one of the haplotypes containing the previously associated allele of rs763361:T>A, was over-represented in the SSc-ILD subgroup compared to controls (OR = 1.27, p = 0.032). A trend towards a significant difference in frequency of this haplotype between SSc patients with and without ILD was also seen (p = 0.069) [42] .
NLRP1
NLR family, pyrin domain containing 1 (NLRP1) is the activating platform required for formation of the NALP1 inflammasome, involved in activation of inflammatory processes. In a three-population meta-analysis study investigating five NRLP1 SNPs (674 SSc-ILD/1 587 controls), rs8182352:T>C (NC_000017.11:g.5651667T>C) was significantly associated with SSc-ILD compared to controls (OR = 1.19, p = 0.0065), and compared to the non-ILD subgroup (n = 1255, OR not stated, p = 0.046). An additive effect of NRLP1 rs8182352:T>C with the IRF5 rs2004640: G>T and STAT4 rs7574865:T>G risk alleles was identified, resulting in a 1.33-fold increase in OR for SSc-ILD with each additional risk allele [43] .
IRAK1
Like many autoimmune diseases, SSc is characterised by female predominance, approximately 4.6:1 [44] .
Interleukin-1 receptor-associated kinase-1 (IRAK1), a protein kinase involved in signalling through the Toll-like receptors/IL-1R is located on the X chromosome. Two nonsynonymous SNPs, rs1059702:A>G (NC_000023.11: g.154018741A>G, Phe196Ser) and rs1059703:G>A (NC_000023.11:g.154013378G>A, Leu532Ser) are in complete linkage disequilibrium, and the variant forms result in increased NFκ-B activity in inflammatory responses [45] . The IRAK1 variant rs1059702:A>G, was investigated in a large study of SSc in three European populations.
In the Italian cohort (167 SSc-ILD/ 509 controls) both the T allele and TT genotype were significantly associated with SSc-ILD (OR = 2.19, p = 0.007 and OR = 2.19, p = 0.039, respectively). Only the allelic association reached statistical significance (OR = 1.11, p = 0.047) in the German cohort (167 SSc-ILD/1 083 controls), although the TT genotype frequency was also non-significantly increased in the SSc-ILD group. In the French cohort (334 SSc-ILD/625 controls), the frequency of both the rs1059702:A>G T allele and the TT genotype of were increased in SSc-ILD compared to controls, but neither reached statistical significance (p = 0.14 for allele, p value for genotype not stated). When the three cohorts were analysed together in a meta-analysis, both the T allele and the TT genotype were significantly associated with SSc-ILD (OR = 1.37, 1.99 × 10 −4 and OR = 2.09, 9.05 × 10 −4 , respectively) [46] . The findings of this study have been replicated in a subsequent study of women from four European cohorts (461 SSc-ILD/2 043 controls, only meta-analysis of the cohorts reported), which also found rs1059702 to be significantly associated with SSc-ILD when compared to both controls (OR = 1.30, p = 8.46 × 10
) and patients without ILD (OR = 1.26, p = 0.025) [47] .
CTGF
Connective tissue growth factor (CTGF) induces myofibroblast differentiation and increased extracellular matrix production. Serum levels of CTGF correlate with the extent of pulmonary fibrosis SSc-ILD [48] . In the study by Fonseca et al., the GG genotype of CTGF rs6918698:G>C (NC_000006.12:g.131952117G>C) was significantly associated with SSc-ILD compared to controls (207 SSc-ILD/ 500 controls), even after adjusting for gender and ANA (OR = 2.0, p < 0.05). The disease-associated G allele results in significantly higher transcriptional activity, with allele specific differential binding of the transcription factors Sp1 and Sp3 to this locus [49] . This association was confirmed in a Japanese cohort (188 SSc-ILD/269 controls, OR = 2.0, p < 0.001) [50] . However, in a study of seven populations of European ancestry, no significant association was detected in any of the populations whether tested separately, or together in a meta-analysis (total of 1180 SSc/1784 controls), although no further information, including patient numbers, is provided with regards to the subtype analyses [51] . The most recently published study of this polymorphism was performed in a small Thai cohort (34 SSc-ILD/99 controls) with no association identified with SSc-ILD compared to controls [52] .
CD247
The CD247 gene encodes the T-cell surface glycoprotein zeta chain (CD3ζ), a signalling component of the T-cell receptor (TCR)/CD3 complex. In a French population, CD247 rs2056626:T>G (NC_000001.11: g.167451188T>G) was found to be associated with SSc-ILD compared to controls (346 SSc-ILD/990 controls, OR = 0.65, p = 6.8 × 10 ), and not as strongly associated in patients with no lung disease compared to controls (n = 554, p = 0.01) [53] . This finding was however not replicated in a study in a Han Chinese population (198 SSc-ILD/ 523 controls, p = 0.83) [54] .
Unreplicated studies with small cohort sizes
There are a number of additional studies identifying genetic associations with SSc-ILD, but in cohorts which are too small to allow meaningful conclusions, and which have not been repeated in additional cohorts. These studies have been included in Table 2 for completeness, but the small number of patients and lack of replication must been borne in mind while interpreting these associations.
Discussion
For many of the associations presented in this review there have either been conflicting results published from replication studies, or, following the initial association, there have been no further studies published in independent cohorts. However, in recent years there has been a move towards published association studies including both discovery and internal replication cohorts with meta-analysis performed on the combined cohorts, allowing greater confidence in the results compared to those from small, single cohort studies. SSc-ILD is a complex disease with a number of genetic factors expected to be involved in susceptibility, each with only relatively modest effects. As SSc-ILD is relatively rare, most of the published studies are hampered by insufficient power to detect associations when SSc phenotypic subgroups are analysed separately. This must be taken into account when interpreting negative association results. The majority of published studies have been performed in populations of European descent. However, the prevalence of ILD is lower in SSc patients of European descent than in patients of African or Japanese descent. More studies in these non-European populations may aid discovery of SSc-ILD associated genes. A large collaborative project entitled 'Genome Research in African American Scleroderma Patients', led by the National Human Genome Institute, is currently ongoing, with the aim of discovering common and low-frequency variants associated with SSc susceptibility in African Americans [55] .
When studying clinical subgroups, the careful definition of phenotypes is crucial to allow appropriate comparisons between patients with and without a phenotype, as well as between different studies. In the field of SSc-ILD genetics this has so far been hampered by the lack of a standardised definition of SSc-ILD, with studies using variable definitions for the presence of ILD, including the presence of ground glass or reticular shadowing on HRCT, evidence of fibrosis on chest radiograph, or impaired lung function.
The disease course of SSc-ILD is highly variable. Identification of specific genetic predictors of severe/progressive SSc-ILD is crucial, both from a pathogenesis and a clinical management perspective. Use of longitudinal clinical data to further define the SSc-ILD phenotype in terms of severity or rate of progression would enable investigation of genetic variants in relation to likelihood of ILD progression and severity. The recent staging system proposed by Goh et al. [6] , which subgroups SSc-ILD as limited or extensive based on rapid estimation of CT extent, supplemented, if necessary, with FVC levels, has been shown to provide accurate prospective prognostic separation. This system could be used to provide prognostic information, even when only limited clinical data is available. The ability of the Goh staging system to predict mortality is further increased when combined with short term pulmonary function trends [56] . Use of this surrogate of disease mortality means that long term follow-up data may not be required to investigate association of genetic variants with SSc-ILD outcome.
Finally, in most studies published so far, it is difficult to disentangle the association with autoantibodies linked with SSc-ILD, such as ATA, and associations with SSc-ILD per se. Although ATA autoantibodies have a high degree of specificity for the development of ILD in SSc, they are not a sensitive marker, as more than half of SSc-ILD patients are ATA autoantibody negative [4] . Therefore, subgroup analysis of SSc-ILD cohorts according to ANA status is required to allow separation of genetic variants associated with ATA or other antibodies and those associated specifically with development of lung fibrosis.
In SSc as a whole, the genetic risk appears to be mainly linked to immune pathway genes. Whether this is the same for the genetic risks for severe or progressive SSc-ILD remains to be determined. SSc-ILD shares some clinical features and pathogenesis with idiopathic pulmonary fibrosis (IPF) [57] , although there are also key differences in disease morphological pattern and survival [58, 59] . A number of genetic associations have been found with IPF, however, none of these, including the strongly associated MUC5B variant, are associated with SSc-ILD, suggesting that the genetic basis of the two diseases is different [60] [61] [62] . The fact that immunosuppressants are observed to stabilise disease in the majority of patients with progressive lung fibrosis in the context of SSc suggests that immune mediated pathways are key in driving the fibrotic process, but how this translates into genetic predisposition will require further study.
Considering the expected small effect size from each individual genetic loci, and the need to analyse SSc-ILD subgroups according to clinical and serological phenotypes, the requirement for sufficiently large sample sizes with well characterised phenotypes is clear. National and international collaborations will be indispensable to study genetic associations specific to SSc-ILD, in order to enable collection of sufficiently large patient cohorts. Together with improved understanding of the genetic predisposing factors to SSc-ILD, research on epigenetic and post transcriptional regulation will be essential to make progress in the understanding of the functional links between genotype and phenotype, and better understand the effects on SSc-ILD pathogenesis. It is also important that replication of association studies is followed by functional work to determine the biological significance of disease-associated genetic variants.
Conclusions
From the published literature presented in this review, genetic variation seems to be involved in susceptibility to SSc-ILD. However, to date, no specific genetic variant has been unequivocally associated with SSc-ILD and/or likelihood of ILD progression. By studying sufficiently large cohorts of SSc with and without ILD, carefully staged, with reliable longitudinal data, we should place ourselves in a better position to identify genes associated with the development and rate of progression of SSc-ILD. In order to achieve sufficient statistical power for these studies, national and international multi-centre collaborations will be essential, including the development of worldwide SSc-ILD registries and biobanks. Knowledge of the genetic susceptibility to SSc-ILD should represent a stepping stone towards a better understanding of the pathobiology of severe/progressive SSc-ILD, and should enable the identification of prognostic and therapeutic targets in this debilitating and potentially fatal disease.
